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Introduction
In recent years numerous measuring techniques have been employed to determine the phase bound aries of metal-hydrogen systems [1] , X-ray, neutron and electron diffraction methods [2] [3] [4] [5] have been used to study structural changes which occur when phase transitions take place. Other methods exploit the change of macroscopic physical properties, such as electrical resistivity [6] , superconductivity [7] , internal friction [8] , NMR [9] , differential thermal analysis [10] etc. The applicability of the neutron scattering technique is based on the rather high scattering cross section of hydrogen and deuterium and its sensitivity to structural changes.
A neutron beam traversing a metal-hydrogen sample will be attenuated by absorption and scatter ing processes and will be broadened due to neutron small-angle scattering (SANS) if precipitates exist. Experimentally the onset of precipitation can easily be detected by cooling a sample from the oe-phase to below the phase boundary to an ordered phase region. In addition, SANS experiments provide information about the scattering density and the structure of the precipitates [11] [12] [13] rocking curve of a double crystal spectrometer (DCS). The deconvolution procedure involves also the problems of determining the particle-size dis tribution function [14] , the interparticle interference [12] and the correction for slit geometry [15, 16] and multiple scattering [17] , This paper deals with experiments on i (a + ß)-phase transitions in the V-H system, which detect the phase boundary by the reduction of the peak intensity and broadening of the rocking-curve of the DCS due to SANS. Experimental neutron transmis sion data within the temperature interval between 170 °C and 20 °C are fitted to theoretically cal culated curves. Similar experiments have been made before at liquid-nitrogen and room temper ature [18, 19] . In addition, the Guinier-approximation [20] is used to evaluate the influence of the size of the precipitates on the reflected beam.
Experimental Technique and Results
Polycristalline vanadium purchased from MRC with a stated purity of 99.94% was cut to plates of a thickness of 6 mm and degassed for several hours at 1100°C in the vacuum range of 10~10mbar. Sub sequently the plates were doped in a hydrogen gas atmosphere (purity 5 n) at ~ 500 °C. The hydrogen content was determined by measuring the weight of the absorbed gas with an accuracy of ± 5 ppm by weight. The sample parameters are given in Table 1 . We have also measured three samples having deuterium contents of 1.14 at%, 2.09 at% and 9.68 at%, respectively. The measurements revealed the same 0340-4811 / 84 / 1 100-1077 S 01.30/0. -Please order a reprint rather than making your own copy. characteristics as we found for the hydrogen-loaded samples if the isotope effect is taken into account.
The experimental setup ( [19] , Fig. 1 ), which is controlled by a PDP 11/05 computer and a CAMACsystem consists of two Bragg-reflecting perfect Sicrystals mounted in a nondispersive arrangement on an optical bench. The monochromator crystal re flects 1.78 A neutrons at the (4 0 0) plane. The sample was placed within an Al-vacuum chamber and could be heated up to 250 °C. The temperature stability and homogeneity was tested to be better than ± 1 °C. The maximum counting rate was about 2500 cpm. The broadening of the incident beam, which results from scattering by precipitates in the sample was detected by scanning with the analyzer crystal. The stepping motor driving the analyzer crystal allows a minimum step of 1/30 s of arc. corresponding to a scattering vector Q of 0.5 x 10-6
The accessible angular range is ± 5 '. Data of the rocking curve were collected in the range Q = ttk~~x to 6 x l0 " 5A~' in increments of 4 x 10~6 A-1 and from 6 x 10~5 A-1 to l x l O^A " 1 in increments of l x l 0 _5A"'. Each point on a rocking curve was measured for 50 s. The second order contamination of the neutron beam (30%) produces a narrower reflection curve and. therefore, emphasizes the top of the rocking curve. For the data evaluation procedure this contribution has been treated separately.
In order to obtain the characteristic parameters (FWHM, peak intensity and integral intensity) of a rocking curve a least squares procedure was used to fit the theoretical resolution functions to the experi mental data. The resolution function results from the convolution of the two Darwin reflection curves of the two crystals [16] , The sample scattering function is assumed to be a Gaussian-shaped curve as predicted by the Guinier-approximation. For the procedure of least squares fitting the half-width, the maximum intensity and the background of the sample scattering curve were varied. Fig. 2 . Characteristic results for the 13.02 at% sample in the pure x-phase (160 °C) and in the (a + ytf)-phase (20 °C). Figure 2 shows a plot of two rocking curves of a 13.02 at% H/H + V-sample in the two phase region at 20 °C and after heating up to 160 °C into the pure a-phase region. The drastic change of the peak height and of the half-width is visible. To limit the influence of statistical errors and external effects these curves are the sum of five consecutive rocking curves.
In Fig. 3 the temperature dependence of the halfwidth and the peak intensity is shown for three different V-H samples, which were heated from room temperature up to 180 °C. Each point in the plot represents the average value taken from 5 evaluated rocking curves. At 170 °C all the samples are within the a-phase. A synopsis of these values (Fig. 4) can be used for further theoretical con siderations. since it may provide information about the scattering cross section of the hydrogen partly trapped within interstitials in the metal. Figure 4 shows a comparison between the mea sured and calculated beam attenuation, where the cross section has been taken from a model which describes the a-phase as monatomic free hydrogen atoms having an effective mass M*.
Discussion
The dynamics of hydrogen in the a-phase may be described as a partly free lattice gas because the rest-time at the tetrahedral sites and the jump-time between these sites are comparable [21] , The related hydrogen cross section exceeds the free cross section (öfree) but is smaller than the bound cross section bound) and depends on the dynamic behavior of the hydrogen in the host lattice. The energy and temperature dependence of the cross section accord ing to the gas model has been recalled in a previous publication [19] . The inclusion of oscillatory motions may be described by a Krieger-Nelkin model [22] introducing an effective mass M*. With this as sumption an approximative expression for the cross section is a = a <7free , drogen concentration (Fig. 4) a value of a = 1.82 is deduced, giving an effective mass M* = 2mn.
A measurement at different neutron wave lengths could yield more information about the binding character of the hydrogen. The dynamics of hydro gen was investigated in detail by means of inelastic neutron scattering [23, 24] . Although the jump-time between the interstitital sites is comparable to the mean rest-time at a site for the vanadium-hydrogen system, the value for the effective mass is sur prisingly small; an effect which was also observed for niobium [19] , where the binding should be even stronger. The whole scattering function has to be integrated over all possible energy-and momentumtransfers to obtain the total cross section as a function of energy. Unfortunately, no such cross sections have been extracted for the various metalhydrogen systems.
The measurements in the temperature region between room temperature and 180°C permit the determination of the i -ß phase transition due to the beginning small-angle scattering of the /Fphase V2H. This effect reduces the peak intensity and increases the half-width of the rocking-curve of the double-crystal spectrometer (Figure 3) . The forward scattering probability of a precipitate with radius R can be written as [ 17. 12] 
where D is the sample thickness, p the volume fraction of the precipitates and Nßbß and the scattering densities of the x-and /Fphase. respectively.
The total cross section for small-angle scattering of neutrons with the wavelength /. is given as [11] °" tot= tiR4(Nßbß-N yby)2 )}/2
with the integrated SANS intensity for a sample with thickness D [18] \l( 6 ) sasdO = I0( l -e x p ( -N D a tot)), where 70 is the intensity of the primary neutron beam and N is the number of precipitates per volume.
Using the Guinier-approximation one finds for the half-width of the small-angle scattering curve AO ]/5 In. nR which is independent of the number of precipitates.
The reflected intensity in dependence of the analyzer angle 0 can be written as [25] Is(e) = I0A fs(0), where A is a constant taking into account intensitylosses due to absorption and incoherent scattering and f s(0) is the superposition of the undeflected part fo(0) given by the double-crystal rocking curve and of the contribution due to SANS smeared by the rocking curve f s(0) = exp ( -N crtotD)fo(0) + (1 -e x p ( -N o mD ))(fQ*g(0)) with g(0) the small-angle scattering curve averaged over the vertical divergency of the beam. Considering that the half-width of the small-angle scattering curve A0sas is a function of R within the Guinier-approximation it is now possible to compute the half-width of the reflected curve A0ren as a function of R for differing cross section values ( Figure 5 ).
For a quantitative treatment, the shape and the size distribution have to be included [14, 12] . The results from other structural analysis (e.g. optical measurements [1] ) show that the precipitates have the shape of thin plates which allow a reasonable interpretation of our scattering data. The calculation of the characteristic parameters of the rockingcurves yields a rising particle size with falling temperature and rising concentration of the /Fphase V2H.
A nearly exponential decrease as a function of falling temperature of the peak intensity was also 16 
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1.10 -6 1.10' Fig. 5 . Plot of the half-width of the rocking curve A9r as a function of the radius of the precipitates for different SANS probabilities.
observed for the //-phase regime. Thus it was possible to determine the phase-transition temper atures of the 3.39 at%, 4.32 at% and 13.02 at% hy drogen samples as (48 ± 2) °C, (64 ± 1.5) °C and (121 ± 1)°C. respectively. The values are in agree ment with the phase diagrams taken from literature [1] . The deviation of the data-points from the calculated decline in the low-temperature region of the 13.02 at% sample is attributed to multiplescattering effects due to the large volume fraction of the precipitates and therefore increasing total scattering probability [17] , Our results correspond to heating cycles. At the phase-boundary a marked hysteresis effect has been observed by other techniques [26, 27] , which we are now investigating in more detail by a real-time SANS experiment.
